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Introduction
The pion plays a significant role in modelling the nuclear forces and explaining the structure of the nucleus. In collisions between two free nucleons, pions can be produced if the C.M. energy of the nucleon-nucleon (NN) system exceeds the pion mass m π . In addition to pion production in the free NN interaction, pions have been produced in nuclear reactions at collision energies per nucleon which are considerably below the threshold energy in the free NN system [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . In the extreme limit of the pion production, called pionic fusion, the total excess energy is concentrated in the pion field, the pion is emitted and the colliding nuclei fuse to form a united nucleus (fusion product) in a specific bound state A 1 + A 2 → π + B( J , I).
(1) B( J , I) denotes the (bound) united nucleus with spin and isospin quantum numbers J and I , respectively. Obviously the two re-action products have to carry away the total free energy. The C.M. kinetic energy T CM in the incident channel is transferred to the two-body exit channel including the pion field: T CM = T ex CM + Q A 1 ,A 2 ,B + m π c 2 , where T ex CM and Q denote the available energy above the coherent threshold in the C.M. system and the energy released in the complete fusion process without pion emission, respectively. Pionic fusion reactions open up kinematical properties of collective behaviour which are not accessible in free NN collisions. Since the production of a single pion demands a significant fraction of the available energy, a highly coherent mechanism is required. The angular distribution of the pionic fusion cross sections may provide the full dynamic information on the pion production and the pion re-scattering. Therefore, the differential cross sections provide sensitivity to the relevant multipolarities involved in the pion production process.
The complete microscopic calculation of the pionic fusion process is a theoretical challenge. There are some theoretical models [14] [15] [16] [17] aiming to describe the scarce available experimental data and all models are in favour of clustering phenomena [16] since the required high relative energy among colliding nucleons might originate from many-body correlations. Due to the low cross section (in the order of nb), pionic fusion experiments are not easily performed. The reported experimental data, mainly in light sys- 6 Li( 4 He, π 0 ) 10 B * reaction, taking the strong clustering correlations into account. The dashed square represents the pion production operator "H int " and "C" denotes the clustering correlations. tems, mostly provide the total cross section of charged pion production, and rarely complete angular distributions were measured. The latest reported results of the pionic fusion experiments correspond to the total cross sections of the 12 C( 12 C, 24 Mg)π 0 [8], 12 C( 12 C, 24 Na)π + [8] and 2 H( 4 He, 6 Li * )π 0 [2, 3] reactions where only the fusion products have been measured. In a model restricting the pion-nucleon interaction to the single-nucleon Born term [17] , the measured cross section of 208 ± 38 pb for the 12 C( 12 C, 24 Mg)π 0 reaction is underestimated by a factor of 10! The cause of this discrepancy is difficult to understand since the existing data do not clearly separate the structure of the final state. Furthermore, the aim of the 2 H( 4 He, 6 Li * )π 0 experiment was to use the pionic fusion of a deuteron and an alpha particle as a probe particularly sensitive to the cluster structure of the isobaric analogue state of the ground state of 6 He, at 3.56 MeV excitation energy in 6 Li.
This situation calls for the new differential cross section data for pionic fusion reaction, collected in measurements which are selective in choice of the final state and cover almost the full angular range. Two pionic fusion experiments have been performed and investigated at KVI using the AGOR facility. The 4 He( 3 He, π 0 ) 7 Be experiment used a 0.3 nA 3 He beam on a 140 mg/cm 2 liquid 4 He target [18] . In the 6 Li( 4 He, π 0 ) 10 B * experiment, a 3 nA 4 He beam on a 2 mg/cm 2 6 Li target was used [19] . Both experiments were carried out at only 10 MeV above the coherent threshold in the C.M. system. Here we focus the discussion of the experimental results on the 6 Li( 4 He, π 0 ) 10 B * reaction, while the detailed analysis of the 4 He( 3 He, π 0 ) 7 Be experiment will be the subject of forthcoming publications [18, 20] . We identified the reaction cross section by measuring the fused system and the produced π 0 with large acceptance. According to the available energy above the threshold (10 MeV) and the isospin conservation, only a few excited states in 10 B are allowed. Since many of these states decay by the emission of particles which are not fully accepted in the applied experimental setup, only the 10 B states at E = 1.7402 MeV ( J P = 0 + , I = 1) and partly at E = 5.1639 MeV ( J P = 2 + , I = 1) could contribute to the cross section measured in our experiment. The latter excited state contributes with 85% according to the ratio of gamma and particle decay widths.
Considering the possible cluster configurations, the pionic fusion processes for the 6 Li( 4 He, π 0 ) 10 B * reaction may schematically be drawn as shown in Fig. 1 . In the first process the pion is emitted from the deuteron which is transformed into a "quasi deuteron"
with I = 1 and J = 0 as has been suggested for the modelling of the 2 H( 4 He, 6 Li * )π 0 reaction [2] . The pion is then re-scattered on one (or both) of the alpha particles which retains its identity ( Fig. 1(a) ). In the second and third process the pion is emitted from one of the alpha particles which either belongs to the target or the projectile and then is re-scattered by the other alpha parti- cle and (or) the "quasi deuteron" (Fig. 1(b) and (c)). Subsequently the "quasi deuteron" and the two alpha particles form 10 B * .
The main goal of the present work is to measure the angular distribution of the pionic fusion cross section in order to study systematically the effect of clustering and the influence of increased complexity in the clustered systems. In addition, the total cross sections of the examined reactions have been measured and compared with the predicted results of two different existing models [16, 17] for the mass dependence of the pionic fusion cross section. The present experimental setup provided the angular distribution of the cross section by measuring all the reaction products in over-determined kinematics. Only in this way one can guarantee clean and truly exclusive data. Furthermore, in the examined reactions with well-defined initial and final state configurations, simple clustered systems are involved which demand less complicated theoretical work to model the reaction.
Experimental setup
For the detection of low-momentum neutral pions, a highly segmented 4π detector system, the Plastic Ball detector (PB) [21] , was used. The PB consists of phoswich modules built from a 4 mm CaF 2 crystal and a 356 mm plastic scintillator. The plastic scintillator acts as a light-guide for the thin CaF 2 crystal. In the present configuration, the PB covers 77% of 4π solid angle and polar angles between 50 • and 160 • . Since neutral pions decay with a mean life time of (8.4 ± 0.6) · 10 −17 s still in the target to two photons with a probability of 98.8%, the PB was used to detect two photons. In order to improve the detector response and efficiency for photons, the hollow sphere in the centre of the PB is equipped with another segmented 2π -detector system, the Inner Shell detector (IS) [24] , consisting of 5 cm thick CsI(Tl) scintillators. For the detection and identification of ions with 4 Z 6 and typical energies of 10-43 AMeV, a specially designed array of phoswich scintillators in a segmented layer, the Heavy Ion detector (HI) [23] , was employed. Each of the phoswich modules has a cuboid geometry consisting of a 4 cm × 1.3 cm × 1.3 cm CsI(Tl) crystal and a 80 μm thin plastic scintillator covering one 4 cm × 1.3 cm face of the CsI(Tl) crystal. The momentum resolution of ions detected by individual modules of the HI array corresponds to the horizontal position resolution. In commissioning experiments [23] , a momentum dispersion of 0.6% per detector unit was determined. This calibration results in a binning of 0.6% in the ion momentum spectrum. The HI array was placed in the vacuum chamber in front of the nominal focal plane of the Big-Bite Spectrometer (BBS) [22] . The BBS is a QQD-type magnetic spectrometer which was positioned near 0 • to deflect and momentum analyse fusion products emitted at small scattering angles. Fig. 3(a) shows the identification of photons by the twodimensional spectrum (pulse shape spectrum) produced using the wide-and narrow-gate integration of the signal for the PB detector module. To calibrate the PB and IS detector modules, the measured signal from high energy cosmic muons was exploited [24] . The calibrated results are confirmed by the results of the Monte Carlo simulation using the detector simulation package GEANT3 [25] .
Results
The charged particles which are mainly protons, are well separated from the photon line. A two-dimensional spectrum produced using the wide-and narrow-gate integration of the signal for a single HI detector module in coincidence with two photons in the PB is shown in Fig. 3(b) . The peaks indicate the produced ions with different energies in the 4 He + 6 Li reaction. Using Time Of Flight (TOF) from the target to the HI detector, the produced ions have been identified [19] . However, ions with the same m/q ratio (e.g. 4 He, 6 Li and 10 B) have the same TOF. Therefore, other available information was required to obtain a unique identification of 10 B. The results of the calibration experiments done by Horn et al. [26, 27] were used as a tool to obtain the pure plastic and the pure CsI(Tl) light output of the HI detector [19, 23] taking strong quenching effects into account. The relative light output of the HI detector for the produced ions is in agreement with the results of the Horn measurements at equivalent ion energies. In order to achieve the required accuracy in particle identification in the region of the 10 B peak, the calibration of all HI detector modules was based on the well-determined positions of the 6 Li and 7 Be ions in the pulse-shape spectrum. A detailed analysis of the HI detector light output, including the possible saturation effects caused by the photomultipliers will be reported [18] .
Examining the events in the PB which were registered every time a 10 B nucleus was identified in the BBS, we have seen a clear enhancement of two-photon occurrences. Since in the 6 Li( 4 He, π 0 ) 10 B * experiment the available energy above the coherent threshold was 10 MeV, the produced pions have small kinetic energy. Therefore, the observed two photons are primarily emitted with large opening angles (θ γ γ ) as expected for the two-photon decay of π 0 's, moving with small velocity in the laboratory. In Fig. 4(a) , the solid histogram shows the measured opening-angle distribution of two photons by measuring the positions of PB detector modules hit by two photons. The dashed histogram corresponds to the result of the phase-space simulation. The measured opening-angle distribution covers the same region as the result of the phase-space simulation with a peak at around 147 • . The identification of neutral pions is based on the invariant mass analysis of the detected two-photon events. The observables needed for the identification of π 0 through the invariant mass analysis are the energy of two photons from π 0 decay (E γ 1 and E γ 2 ) and the opening angle θ γ γ between them:
Since low-energy photons are detected with worse energy resolution due to threshold effects in neighbouring detector modules, only the energy of the photon with the higher energy deposition was taken from the photon measurement. This value together with the measured 10 B momentum in the HI detector and the total available energy in the experiment were used to obtain the energy of the photon with the lower energy deposition. Fig. 4(b) shows the two-photon invariant mass distribution. The solid and dashed histograms are the results of the measurement and the phasespace simulation, respectively. The widths of the invariant mass distributions are the result of the experimental angular and energy resolutions. The sharp cut at about 150 MeV is caused by the kinematical limits imposed by the energy conservation. Compared to the simulated invariant mass distribution the experimental one appears broader and shifted by up to 5 MeV to lower mass values. However, both distributions are compatible within the uncertainty in the peak positions (sqrt(variance) of the weighted mean) of both distributions which is about 3.5 MeV. In order to check how a possible shift in the experimental invariant mass by up to 4% with respect to the simulation would affect the detector acceptance, we studied the GEANT3 simulation for an arbitrarily shifted invariant mass by modifying the high-energy photon by 8%. The maximum expected change in the acceptance is about 6%, mostly at backward angles. Fig. 5(a) . The systematic error includes uncertainties in the measurement of the beam current (8%), the live time of the data acquisition electronics (12%), and the determination of the detector acceptances (2%), summing up to ±15%.
Differential cross sections

Analysis and discussion
For a phenomenological analysis of the angular distributions, the following expression for the differential cross section has been assumed: dσ dΩ c.m. = i n=0 a n P n cos θ π 0 c.m. ,
where P n (cos θ π 0 c.m. ) are the Legendre polynomials and θ π 0 c.m. is the C.M. angle of π 0 . We call a n the Legendre coefficients.
Eq. (3) was fitted to the results of the clustering model for the study which different contributions of the Legendre polynomials are responsible to reproduce the asymmetric behaviour of the angular distribution and produce the same shape of the differential cross section as the prediction of the cluster model. Furthermore, it would be interesting to explore which component of the Legendre polynomial expansion plays the most important role. By comparing the fitted results of the 4 He( 3 He, π 0 ) 7 Be calculation and the 6 Li( 4 He, π 0 ) 10 B * measurement, one may get insight whether the assumption of strong clustering correlations also holds for the 6 Li( 4 He, π 0 ) 10 B * reaction. There are no pions measured at θ π 0 c.m. < 40 • and θ π 0 c.m. > 150 • . Thus another aim of fitting was to extrapolate the polynomial fit to cover the full angular range in order to calculate the total cross section of the 6 Li( 4 He, π 0 ) 10 B * reaction. It is concluded that the fit up to the third polynomial order (i = 3) from Eq. (3) is the lowest order polynomial fit to the clustering calculation with a high confidence level (see Table 1 ). By fitting Legendre polynomials from Eq. (3) to the 6 Li( 4 He, π 0 ) 10 B * experimental results, it was noted that the polynomial fit with i = 3 follows the same trend as the fit with i = 3 to the 4 He( 3 He, π 0 ) 7 Be calculation. The quality of this fit to the 6 Li( 4 He, π 0 ) 10 B * results is as good as that to the calculated results of the 4 He( 3 He, π 0 ) 7 Be reaction. We conclude that the fit with i = 3 is the lowest order fit to describe the 6 Li( 4 He, π 0 ) 10 B * experimental results. In Fig. 5(b) , the final accepted Legendre polynomial fits with i = 3 are shown.
The thin black curve shows the results of the cluster model for the 4 He( 3 He, π 0 ) 7 Be reaction. The dashed curve is the fitted curve to the 4 He( 3 He, π 0 ) 7 Be results of the cluster model. The data points are the 6 Li( 4 He, π 0 ) 10 B * experimental results and the dotted curve is the fitted curve to the 6 Li( 4 He, π 0 ) 10 B * measured results. The Legendre coefficients (a n ) as well as the χ 2 of the fits are listed in Table 1 . The variance in the fit parameters a n is the square root of the diagonal entry in the covariance matrix. In case of the 4 He( 3 He, π 0 ) 7 Be reaction, the contribution of P 2 (cos θ π 0 c.m. ) is the versus the average of projectile and target mass. k π and m π are the pion momentum and mass, respectively. The full circles are the calculated results from the model described in Ref. [17] . The empty circles are the measured results of the previous experiments [8, 4] . The cross is the result of the KVI measurement for the 6 Li( 4 He, π 0 ) 10 B * reaction.
largest to reproduce the theoretical results, while to reproduce the 6 Li( 4 He, π 0 ) 10 B * experimental results, the P 1 (cos θ π 0 c.m. ) contribution is the largest. However, still the P 2 (cos θ π 0 c.m. ) and P 1 (cos θ π 0 c.m. )
contributions are comparable. From Fig. 5(b) , it should be noted that the measured angular distribution is anisotropic. The shape of the measured differential cross sections of the 6 Li( 4 He, π 0 ) 10 B * reaction is as predicted for the 4 He( 3 He, π 0 ) 7 Be reaction (the thin black curve) by taking strong clustering correlations into account [16] . Due to the asymmetric target-projectile combination in the 6 Li( 4 He, π 0 ) 10 B * reaction, the angular distribution of the cross section is forwardbackward asymmetric. According to the Microscopic reaction model developed by L. Harzheim et al. [15] , the angle of the minimum in the angular distribution depends on how much target and projectile contribute to the pion production process. The c.m. < 90 • , π 0 in the 6 Li( 4 He, π 0 ) 10 B * reaction should dominantly be emitted from the 6 Li target side. Furthermore, due to the isospin conservation rules and the available C.M. energy, the differential cross section of the 6 Li( 4 He, π 0 ) 10 B * reaction should be exhausted by the type (a) of the reaction mechanism shown in Fig. 1 . It is consistent with the explanation of the target emission. Therefore, the π 0 angular distribution is expected to be mainly backward peaked since in the entrance channel the deuteron moves to the backward direction. However, based on the extrapolation of the polynomial fit to the forward angles of the 6 Li( 4 He, π 0 ) 10 B * angular distribution (the dotted curve in Fig. 5(b) ), the measured differential cross section of the 6 Li( 4 He, π 0 ) 10 B * reaction is forward peaked. One possible explanation could be that still the second and the third reaction mechanisms contribute and effectively change the angular distributions from the backward to a forward peaked distribution. By integrating the fitted curve, the total cross section for the 6 Li( 4 He, π 0 ) 10 B * reaction was obtained (see Table 1 ). It should be noted that the calculated total cross section of 47.4 nb for the 4 He( 3 He, π 0 ) 7 Be reaction from the polynomial fit is in good agreement with 47.3 nb from the cluster model. The total cross section of the neutral pion production for the 6 Li( 4 He, π 0 ) 10 B * reaction follows the same trend as was predicted by the model discussed in Ref. [17] . The result is shown in Fig. 6 by the cross. Using the polynomial fit, the extrapolated cross section of the 6 Li( 4 He, π 0 ) 10 B * reaction at θ π 0 c.m. = 0 • is 2.4 nb/sr and is lower than the pre- Table 1 Legendre coefficients, the χ 2 of the fits and the total cross sections obtained from the fitting of Eq. (3) to the results of the 6 Li( 4 He, π 0 ) 10 B * experiment and to the results of the cluster model for the 4 He( 3 He, π 0 ) 7 Be reaction. The uncertainties are purely statistical. "CC" and "PFCC" indicate "Cluster Calculation" and "Polynomial Fit to Cluster Calculation", respectively. 19 F reactions, respectively. In addition, the ratios of the Legendre coefficients are presented in Table 1 . A significant asymmetry (a 1 /a 0 ) of the angular distribution is observed in both data sets.
Summary
Differential cross sections of the 6 Li( 4 He, π 0 ) 10 B * reaction, with well-defined initial and final state configurations, have been presented and discussed. For the first time the almost full pion angular distribution from a pionic fusion reaction with a projectile heavier than 1 H has been measured. The experiment was carried out at only about 10 MeV above the coherent threshold energy of pion production in the C.M. system. We identified the reaction by measuring the fused system and the produced π 0 with large acceptance. The total cross section of 6.8 nb was determined for this reaction. The rather specialised theoretical work to completely explain the pionic fusion reaction of 6 Li( 4 He, π 0 ) 10 B * still needs to be performed. According to the results of this work, there are hints of strong clustering correlations in the entrance and exit channels of the 6 Li( 4 He, π 0 ) 10 B * reaction. It was found that in case of the 6 Li( 4 He, π 0 ) 10 B * reaction, the total pionic fusion cross section is in agreement with the extrapolated results of the model discussed in Ref. [17] .
